In this paper, the spontaneous Rayleigh-Brillouin scattering spectra of air are simulated to study the effect of uncertainties of pressure, temperature, scattering angle and the characteristic parameter uncertainty of the Fabry-Perot interferometer on the accurate measurement of the bulk viscosity. It is found that those uncertainties have an obvious impact on the bulk viscosity measurement deviation and the bulk viscosity can be measured accurately under higher pressures (≥3.0 bar). In order to obtain the accurate bulk viscosity of nitrogen, oxygen and air, the spontaneous Rayleigh-Brillouin scattering spectra are measured with the wavelength of 532 nm under pressure of 4.0-7.0 bar and at temperature from 289.0 K to 400.0 K. The linear relation between the measured bulk viscosity and temperature is established with R 2 being above 0.99 for nitrogen, oxygen and air respectively. By comparison, it is found that our measured bulk viscosities mostly agree with the reported values obtained by spontaneous Rayleigh-Brillouin scattering, coherent Rayleigh-Brillouin scattering, ultrasonic determination or theoretical calculation for nitrogen, oxygen and air within 3σ results at the same temperature. The factors arousing the differences between them are attributed to the obvious measurement error and the measured uncertainty of the bulk viscosity under low pressures and the defects in the theoretical model itself. The empirical formula for calculating the bulk viscosity for air from pure components is proposed and it can match our measured results well.
I. INTRODUCTION
It is known that spontaneous Rayleigh-Brillouin scattering (SRBS) in gases originates from thermal density fluctuations, including the isentropic pressure fluctuations and the isobaric entropy fluctuations. Pressure fluctuations, which can be regarded as acoustic waves, lead to Brillouin scattering, while entropy fluctuations give rise to Rayleigh-center scattering [1] , [2] . Many gaseous parameters can be got from SRBS spectral profile, such as temperature [3] , [4] , pressure (density) [5] , bulk viscosity [6] - [8] and so on. Coherent Rayleigh-Brillouin scattering (CRBS), which was first proposed by She et al. [9] and measured by Pan et al. [10] , is stimulated by density variation from dipole forces by The associate editor coordinating the review of this manuscript and approving it for publication was Zinan Wang. crossing laser beams. SRBS and CRBS share the same statistical description of scattered spectral lineshapes, and both can be used as an independent method to determine the gaseous parameters [11] - [13] . The gaseous bulk viscosity is related to the damping of sound and these values under different temperatures are of crucial importance for modeling Rayleigh-Brillouin profiles like LIDARs. The gaseous bulk viscosity measured by the traditional method of ultrasonic determination is not suited for hypersound frequencies, such as CO 2 [6] , [11] . Therefore, SRBS or CRBS combined with related models [7] , [8] , [14] , [15] , which can describe the Rayleigh-Brillouin scattering (RBS) spectrum, provides an alternative method to measure the gaseous bulk viscosity at hypersound frequencies.
It is known that the bulk viscosity determines the pronounced occurrence of Brillouin side features and the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ intensity of Brillouin peak under low pressures is weaker than that under high pressures. Imperfect description of Brillouin peak may induce the non-negligible measurement uncertainty of the bulk viscosity. Therefore, the bulk viscosity of different gases under higher pressures can be measured accurately to reduce the statistical error aroused by the principle of minimum value of χ 2 . However, by comparing the published papers [1] , [2] , [6] , [12] , [13] , [16] , it is found that the bulk viscosities for different gases are measured from SRBS or CRBS mostly under lower pressures (<4bar), and the measured values for the same gas at the same temperature are obviously different, especially for SRBS [1] , [2] and CRBS [12] , [13] . The reasons causing this difference are not analyzed in detail in the published papers. Furthermore, although the bulk viscosity for pure gases is fairly available, the bulk viscosity for mixtures is scare. It is desirable, therefore, to have a general formula to calculate the bulk viscosity of gas mixtures from the properties of the pure components. In this paper, the SRBS spectra of air are simulated to study the effect of pressure uncertainty, temperature fluctuation, scattering angle uncertainty and the characteristic parameter (free spectral range and full width at half maximum) uncertainty of the Fabry-Perot interferometer (FPI) on the accurate measurement of the bulk viscosity by the principle of minimum value of χ 2 . Meanwhile, the SRBS spectra of nitrogen, oxygen and air under pressure of 4.0-7.0 bar and at temperature from 289.0 K to 400.0 K are measured to determine the bulk viscosity respectively in experiment. The relationships between the bulk viscosity and temperature are established for nitrogen, oxygen and air. Meanwhile, a comparison between the measured bulk viscosities and the reported values obtained by SRBS, CRBS, ultrasonic determination and theoretical calculation is made for nitrogen, oxygen and air respectively and the reasons causing the difference between them are discussed and analyzed in detail. The empirical formula predicting the bulk viscosity for air is also proposed.
II. THEORETICAL MODEL AND THE PRICIPLE OF MINIMUM VALUE OF χ 2
The Rayleigh-Brillouin scattering phenomenon can be described by the dielectric tensor fluctuation, which is aroused by density fluctuations at a constant temperature and temperature fluctuations at a constant density [16] - [19] . Since temperature fluctuations contribute only ∼ 2% to gas scattering, it can be usually ignored. The density fluctuations in the kinetic regime for gases can be described adequately by Boltzmann equation. Since the internal collision of Boltzmann equation is difficult to compute, many approximate models have developed by linearized WCU equation [20] , which is a modified version of Boltzmann equation. The Tenti S6 model is regarded as a successful model to describe the SRBS and CRBS spectral profiles [8] , [21] . In this model, the collision integrals are expanded into 6 basic functions with coefficients determined by the values of the transport coefficients: shear viscosity η, bulk viscosity η b , thermal TABLE 1. Parameters of the reference shear viscosity η 0 , reference thermal conductivity k 0 , reference temperature T 0 and the Sutherland parameters S η and S k used for the calculation of shear viscosity η and thermal conductivity κ by Equations (1) and (2) and the internal specific heat capacity C int for nitrogen, oxygen and air.
conductivity κ, and internal specific heat capacity C int . Therefore, the other parameters need to be known to obtain the gaseous bulk viscosity η b based on the Tenti S6 model.
According to the reference [22] , for dilute gas, the shear viscosity and the thermal conductivity are not strongly dependent on pressure. For example, the two parameters increase below 10% respectively when pressure increases from 1 bar to 50 bar. However, they are dependent on temperature. Therefore, in this paper, the effect of pressure from 4 bar to 7 bar on the shear viscosity and thermal conductivity is ignored. The temperature-dependent shear viscosity η and thermal conductivity κ following the Sutherland formulas [23] are given as
and
where η 0 is the reference shear viscosity and k 0 is the reference thermal conductivity at reference temperature T 0 (273 K), and S η and S k are the Sutherland parameters. The values of η 0 , k 0 , T 0 , S η , S k and C int for N 2 , O 2 and air, are got from Reference [23] and listed in Table 1 .
In order to extract the bulk viscosity from the measured SRBS spectrum under different experimental conditions, the measured spectra are normalized to unit area as f b −fb I (f ) df = 1, and compared to the theoretical spectra calculated from the Tenti S6 model, which is convolved with instrument transmission function. f b = FSR/2, where FSR is the free spectral range of the Fabry-Perot interferometer (FPI) used in our experiment and I (f ) is the intensity of the measured spectrum. For the purpose of quantifying the differences between the experimental spectrum and the theoretical model, the normalized chi-squared error χ 2 is introduced and calculated when the estimated statistical error σ (f i ) following the Poisson distribution is considered. χ 2 is given as [2] 
where I e (f i )andI m (f i ) correspond to the experimental and modeled intensity of the spectrum at frequency f i , N is the number of discrete frequency sample, and σ (f i ) can be measured from the experimental SRBS spectrum. According to our experiment, σ (f i ) is about 0.002 and mainly exists in the frequency from -1.5 GHz to 1.5 GHz where the SRBS spectrum mainly exists. In Equation (3), when other related parameters are known and fixed in the Tenti S6 model except for the bulk viscosity η b , χ 2 is the function of the bulk viscosity η b . Therefore, the optimum value of η b can be obtained at which χ 2 value is minimum (the principle of minimum value of χ 2 ). If the theoretical spectrum matches the measured spectrum perfectly, the minimum of χ 2 is equal to unit. However, since it is impossible to determine the minimum value of χ 2 with absolute accuracy, there is measured uncertainty with this method. It can be calculated by
where N equals the number of discrete frequency sample for SRBS. By analyzing the published papers [12] , [13] , [16] , it is foundthat the minimum value of χ 2 can be accurately found under higher pressures due to the spectral high signal-to-noise ratio and the obvious Brillouin peak. Therefore, the statistical error under higher pressures will be less than that under lower pressures. Meanwhile, according to the theoretical simulation of SRBS spectrum at different temperatures (figure 1.(b)), the Brillouin peak intensity and the spectral signal-to-noise ratio at the same pressure will become weaker and worse with temperature increasing. Therefore, the measured uncertainty of the bulk viscosity will be larger at high temperatures than that at low temperatures. This conclusion can be obtained from Gu's work, which shows that the uncertainty of the measured bulk viscosity of nitrogen increases from 0.2 to 0.7 with temperature increasing from 254 K to 337 K [16] .
III. ANALYSIS OF THE EFFECT OF THE SYSTEM PARAMETERS ON THE BULK VISCOSITY DETERMINATION BY SIMULATION
According to the published paper [17] , the SRBS spectrum I (f ), which has taken the mirror surface defects of the FPI and the narrow band scattering spectrum aroused by particles or spurious reflections into consideration, is calculated according to
where S mol (f ) is the Rayleigh-Brillouin scattering spectrum from the Tenti S6 model, S nbss (f ) is a Dirac-delta function describing the narrow band scattering spectrum, I mol and I nbss are the signal intensity for S mol (f ) and S nbss (f ) respectively, and w(f ) is the transmission function of the FPI which can be described by the Airy function. It is known that the SRBS profile is determined by gas pressure, temperature, bulk viscosity, scattering angle, shear viscosity and thermal conductivity, and the last two parameters can be calculated from Equation (1) and (2) . Meanwhile, according to Equation (5), the symmetry and the coordinate conversion of the frequency of measured spectrum are mainly dependent on the working state of the FPI. The free spectral range (FSR) and the full width at half maximum (FWHM) are the main characteristic parameters of the FPI. It is of great significance to optimize the experiment and improve the parameter measurement accuracy to study how the parameters above influence the SRBS profile. Therefore, the SRBS spectra of air with the changing parameters, including pressure (p), temperature (T ), bulk viscosity (η b ) and scattering angle (θ ), FSR and FWHM, are simulated. The change ranges of p, T , η b , θ, FSR and FWHM used in the Tenti S6 model are shown in Fig.1 . It needs to be stated that in order to more clearly observe the influence of T , η b , θ, FSR and FWHM on the SRBS lineshape, particularly on Brillouin peaks, p = 5 bar is selected in the Tenti S6 model and this pressure is fixed for studying other parameters' effect except for Fig.1(a) . Half of the simulated spectra is shown in Fig.1 because of its symmetry. It can be seen from Fig.1 that pressure, temperature, bulk viscosity, scattering angle and FWHM mainly determine the occurrence of Brillouin side features, and FSR, temperature and scattering angle obviously affect the entire spectral width. Therefore, the uncertainties of pressure, temperature, scattering angle, FWHM and FSR will induce measurement deviation to the bulk viscosity.
In order to study quantitatively the contribution of the uncertainty of the above parameters to the determination of the bulk viscosity under different pressures, the SRBS spectra of air superposed with Gaussian noise are simulated by Equation (5) under pressure of 1.0 bar, 3.0 bar, 5.0 bar and 7.0 bar at 297.0 K ( Fig.1.(a) ). The effect of the uncertainty of p, T , η b , θ, FSR and FWHM on the bulk viscosity measurement can be obtained respectively by the principle of minimum value of χ 2 under different pressures when only the freedom parameter remains in the Tenti S6 model. Table 2 .
It needs to be stated that in order to observe the simulated results clearly, the uncertainty range for each parameter in the Tenti S6 model is set larger than the actual value in the experiment. The simulated results are shown in Fig.2 . η b is the difference between the obtained bulk viscosity by simulation and the reference bulk viscosity of 1.68 × 10 −5 kgm −1 s −1 got from reference [2] . p, T, θ, FSR and FWHM are also the difference between the set values and the reference values, which are listed in Table 2 respectively. Fig.2 shows that the contribution of all the parameters discussed above to the deviation of the bulk viscosity is obviously different under different pressures, and all contributions are more obvious at lower pressures (<3.0 bar) than those at higher pressures (≥3.0 bar) except for the parameter of temperature. This demonstrates that the bulk viscosity can be measured accurately under higher pressures. Meanwhile, the deviation of the bulk viscosity has a linear relation approximately with the changing uncertainty of different parameters under higher pressures (3-7 bar), thus it can be used to estimate the contribution of the parameter error to the deviation of the bulk viscosity in experiment. However, it needs to be acknowledged that the contribution of each parameter to the deviation of the bulk viscosity measurement at higher pressures cannot be ignored. For example, the uncertainty of 0.3 bar, 1.5 • , 0.1 GHz and 20 MHz for pressure, scattering angle, FSR and FWHM will respectively induce a deviation of about 0.5 × 10 −5 kgm −1 s −1 in the bulk viscosity measurement and an error of 1.0 K in temperature can contribute 0.06 × 10 −5 kgm −1 s −1 to the deviation of the bulk viscosity measurement. Therefore, it is key to ensure the accuracy of the related parameters for the accurate bulk viscosity measurement in experiment.
IV. EXPERIMENTS AND ANALYSIS A. EXPERIMENT
The detailed diagram of experimental device can refer to the published papers [24] - [26] and a brief introduction is made in this paper. The SRBS signals from a scattering angle at approximate 90 • , which are induced by the wavelength of 532nm with the power of 10 W under different pressures and temperatures, are recorded by the photon detector (SPCM-AQRH-14, Perkin-Elmer). The spectral frequency is discriminated via a confocal FPI with the FSR of 10 GHz. The gas scattering cell machined from solid aluminum has a trapezoid shape and is connected to the digital piezometer (KY2010) that can display pressure ranging from 0.0bar to 10.0 bar with the precision of 0.1 Kpa. Therefore, the contribution of pressure uncertainty aroused by piezometer display to the error of the measured bulk viscosity is about 1.15 × 10 −8 kgm −1 s −1 according to the slope of Fig. 2 .(a) under pressure from 3.0-7.0 bar. The experiments are performed respectively at room temperatures from 289.0 K to 308.0 K and high temperatures changing from 310.0 K to 400.0 K controlled by a heating belt. The heating belt, which is covered with a fiberglass insulation, heats the resistance wire by current to raise the temperature and the temperature is adjusted by a current controller (WK-SM3). The temperature fluctuation of the two temperature ranges under each experiment is within ±0.2 K and ±2.0 K respectively, which induces a deviation of about 4.40 × 10 −7 kgm −1 s −1 and 1.20 × 10 −6 kgm −1 s −1 in the bulk viscosity estimated from Fig.2.(b) . For each measurement, the designated pressures of nitrogen, oxygen and air are charged into the scattering cell respectively.
B. PARAMETER OPTIMATION AND MEASURED SPECTRA OF NITROGEN, OXYGEN AND AIR
It can be seen from Fig.2 that the uncertainties of the FSR and FWHM have significant influence on the accuracy of the bulk viscosity measurement. In order to testify the stability and reliability of the FPI and obtain the uncertainty of the FSR and FWHM, the transmission function profile of the FPI is measured for 80 times at the room temperature of 299.7 K and fitted by the Airy function [17] to obtain the FSR and FWHM for each time. One of the measured transmission function profile of the FPI and the theoretical profile are shown in Fig.3 . The obtained FSR and FWHM at each time are displayed in the left column of Fig.4 and the histogram distributions of frequency count which is fitted by Gauss function are shown in the right column of Fig.4 .
It can be seen obviously from the left diagram of Fig.4 that the measured FSR and FWHM fluctuates slightly around the average value. The average FSR of 9.9686 GHz and the average FWHM of 0.0887 GHz are got from the measured values. The FSR and FWHM uncertainty can be got from the half width at half maximum (HWHM) of the fitted Gauss profiles, and the value is ±2.3 MHz and ±1.2 MHz respectively. The contribution of the FSR and FWHM to the deviation of the bulk viscosity is respectively about 8.63 × 10 −8 kgm −1 s −1 and 2.94 × 10 −7 kgm −1 s −1 calculated from the slopes in Fig. 2.(d) and Fig.2.(e) . The scattering angle uncertainty θ also has obvious effect on the accurate measurement of the bulk viscosity according to Fig.2. (c) and the contribution of the scattering angle uncertainty of 1 • to the bulk viscosity is about 0.34 × 10 −5 kgm −1 s −1 . In order to reduce the contribution of the scattering angle uncertainty θ to the deviation of the bulk viscosity measurement, the scattering angle under each experiment condition needs to be optimized with the principle of minimum value of χ 2 . The optimization process can be found in references [1] , [16] . The optimized scattering angles under pressure from 4 bar to 7 bar for nitrogen, oxygen and air in our experiment are listed in Table 3 .
We find that the fluctuation of the scattering angle is not obvious under pressure ranging from 4 bar to 7 bar at one temperature, but obvious at different temperatures all for nitrogen, oxygen and air. The contribution of the optimized scattering angle uncertainty under different experiment conditions to the deviation of the bulk viscosity for each gas is less than 1.0 × 10 −6 kgm −1 s −1 .
The measured SRBS spectra under pressure ranging from 4.0 to 7.0 bar at temperature ranging from 289.0 K to 400.0 K for nitrogen, oxygen and air are fitted by the theoretical model using the optimized scattering angle. The results are displayed in Fig.5(a) , 5(b) and 5(c) respectively.
It is obvious that the measured SRBS spectrum under different experiment conditions can match the theoretical model well and the errors between them have relatively uniform distribution. Meanwhile, it can be seen from Fig.5 that the spectral SNR (signal-to-noise ratio) gets worse and the Brillouin peaks become less pronounced with temperature increasing. It needs to emphasize that the matching results at Brillouin peaks between experiment and the theoretical model for SRBS in our experiment are better than that for CRBS in paper [10] , [12] , [13] , [21] , [27] . The better match VOLUME 7, 2019 for Brillouin peaks is critical to get the accurate bulk viscosity because of the correlation between them according to the Fig.1.(c) .
C. BULK VISCOSITY MEASUREMENT AND COMPARISON
According to the measured spectra in Fig.5 , the bulk viscosity of nitrogen, oxygen and air under different conditions can be got severally. The process of obtaining the bulk viscosity is similar to that of the scattering angle optimization by the principle of minimum value of χ 2 . The only difference is that the bulk viscosity is a free parameter in the Tenti S6 model. Therefore, the measured bulk viscosities of nitrogen, oxygen and air under different experiment conditions are given directly in the following contents. The measured bulk viscosities of nitrogen, oxygen and air under pressure close to 4.0 bar, 5.0 bar, 6.0 bar and 7.0 bar respectively and at temperature from 289.0 K to 400.0 K are displayed in Fig.6 . Furthermore, the deviations of the measured bulk viscosity under each experiment condition aroused by the uncertainty of pressure, temperature, FSR, FWHM, scattering angle and the statistical error (less than 0.30 × 10 −5 kgm −1 s −1 calculated from Equation (4)) are also shown in Fig.6 . Fig.6 shows that the measured bulk viscosity at one temperature has a slight fluctuation with the pressure increasing from 4.0 bar to 7.0 bar, but has an increasing tendency with the temperature increasing for nitrogen, oxygen and air. This result indicates that the bulk viscosity is affected inconspicuously by pressure changing between 4.0 bar and 7.0 bar, but is sensitive to temperature changing. The measurement deviation of the measured bulk viscosity under the same experimental condition is less than the reported values in most cases. Meanwhile, the deviation increases with temperature increasing, which agrees with Gu's work [16] . The reason for this phenomenon has been explained in the above contents.
Based on the analysis above, in order to get the relation between the bulk viscosity and temperature, and make a The average values of the measured bulk viscosity of nitrogen, fitted linear function and the reported values obtained from SRBS, CRBS or ultrasonic determination. The dashed box means the bulk viscosity of nitrogen is measured at a certain temperature range in references [12] (orange) and [28] (black).
comparison between the measured bulk viscosity and the reported values obtained by SRBS, CRBS or ultrasonic determination, the effect of pressure on the bulk viscosity is ignored and the measured bulk viscosity under pressure of 4.0-7.0 bar at one temperature is averaged (average bulk viscosity) for nitrogen, oxygen and air respectively. The comparison results for nitrogen, oxygen and air are presented separately in the following contents. Meanwhile, it needs to be stated that the contributions of the uncertainties of pressure, temperature, FSR, FWHM and scattering angle to the deviations in the bulk viscosity measurement and the statistical error and the average error are calculated and presented with error bars in the following figures.
The average values of the measured bulk viscosity of nitrogen, fitted linear function and the reported values obtained from SRBS, CRBS or ultrasonic determination are displayed in Fig.7 .
The average bulk viscosities of nitrogen at different temperatures are fitted perfectly by linear function with R 2 of 0.99886 in Fig.7 . The linear function is
where the coefficients are given as η b0(N 2) = (−4.2319 ± 0.1219) × 10 −5 kgm −1 s −1 , a = (0.0192 ± 0.0004) × 10 −5 kgm −1 s −1 K −1 . The bulk viscosity of nitrogen has been determined by ultrasonic determination, theoretical calculation, SRBS and CRBS, and is shown in Fig.7 . The measured bulk viscosity in our experiment agrees well with Gu's result [2] , [16] within 1σ result and Witschas's result [28] within 2σ results, but deviates obviously from the references [12] by SRBS at the same temperature. The values obtained by ultrasonic determination [29] and theoretical calculation [30] deviate obviously with temperature increasing. Meanwhile, although Wu proposes that the obtained bulk viscosity by the Tenti S6 model is not accurate, but his result, which agrees with Gu's result within 1σ [2] , [16] , still agrees with our val- ues within 2σ at the same temperature. For CRBS [12] , [13] , the measured bulk viscosity is greater mostly than that obtained by ultrasonic determination [29] , theory calculation [30] , SRBS [2] , [12] , [28] and our work (also by SRBS), except Pan's work [31] with the bulk viscosity being 1.253 × 10 −5 kgm −1 s −1 , which agrees with all values within 1σ at 292.0 K. This phenomenon may be explained as that the theoretical model describing CRBS is not perfect because it is found that the theoretical model of CRBS matches the measured Brillouin peak of CRBS spectrum imperfectly [12] , [13] , [21] , [27] . Furthermore, the bulk viscosity is measured mostly with non-negligible uncertainty under lower pressures (<4 bar) by SRBS and CRBS, so the contribution of the related parameter error to the deviation of the bulk viscosity is obvious under lower pressures according to Fig.2 . Meanwhile, it should be noted that the bulk viscosity is not the main factor that has an impact on the measurement accuracy in the gaseous temperature measurement. For example, Graul reaches the aim of the wide range temperature measurement (from 300.0 K to 400.0 K) of nitrogen with an error of 2.0 K by CRBS [27] and Pan describes the measured CRBS spectra of nitrogen well with the theoretical model [21] . Both of them use the bulk viscosity determined by ultrasonic determination [29] . Furthermore, Witschas achieves a good matching between the measured SRBS spectra and the theoretical model of nitrogen with η b = (2.2 ± 0.5) × 10 −5 kgm −1 s −1 at temperature ranging from 295.5 K to 301.0 K [28] . Fig.8 displays the average values of the measured bulk viscosity of oxygen, fitted linear function and the reported values obtained from SRBS and CRBS.
It is found that the average bulk viscosities of oxygen at temperature from 291.0 K to 371.6 K have good consistency with the fitted linear function with R 2 of 0.998 in Fig.8 . The linear function can be expressed as where the coefficients are given as η b0(O2) = (−11.104 ± 0.258) × 10 −5 kgm −1 s −1 , b = (0.0450 ± 0.0008) × 10 −5 kgm −1 s −1 K −1 . It can be found that the measured bulk viscosities in our experiment agree well with the values got at high pressures (≥3 bar) for both SRBS and CRBS within 1σ result at the same temperature, such as the results in the references [12] , [13] and [31] , but larger than the values got at lower pressures (<3 bar), such as the results in references [12] and [2] , both got by SRBS. The measurement uncertainty under lower pressures is the main factor that induces the obvious differences between our results and references [2] , [12] and [13] . Meanwhile, it cannot be ignored that the measured bulk viscosities of oxygen by CRBS are greater mostly than that got by SRBS, such as in the published papers [12] , [13] . This phenomenon is similar to that in the measurement of the bulk viscosity of nitrogen and it has been explained above. In Fig.8 , the bulk viscosity values of oxygen got by theory [30] are smaller than those got by measurement. Fig.9 gives the average values of the measured bulk viscosity of air, fitted linear function, reported values obtained from SRBS or CRBS and the values calculated from the empirical formula.
It is obvious that the average bulk viscosities of air at different temperatures can be matched well by linear function with R 2 of 0.993. The linear function is given as
where the coefficients are given as η b0(air) = (−5.316 ± 0.245) × 10 −5 kgm −1 s −1 , c = (0.0237 ± 0.0007) × 10 −5 kgm −1 s −1 K −1 . It can be seen that the slope of Equation (8) is above the reported values [1] , [2] , [32] , but our results are still consistent with the reported values within 1σ result for references [1] , [28] and [32] and within 2σ results for reference [2] when the temperature is below 310.0 K. Meanwhile, Gu et al. has achieved the temperature retrieval of air accurately with the maximal difference of 0.4 K and matched the measured SRBS spectra of air well using the bulk viscosity calculated from equation η b = (0.0169 · T−3.33)×10 −5 kgm −1 s −1 [1] and η b = (0.0158·T−3.30)× 10 −5 kgm −1 s −1 [2] respectively in a wide range of temperatures. Witschas et al. also describes the measured SRBS spectra of air well using η b = (1.5 ± 0.3) × 10 −5 kgm −1 s −1 in theoretical model at temperature from 295.5 K to 301.0 K [28] and achieves the temperature retrieval of air with the absolute difference below 2.0 K at temperature from 257.0 K to 330.0 K using the bulk viscosity calculated from the equation η b = (0.0161·T −3.10)×10 −5 kgm −1 s −1 [17] . The reason for the above phenomenon is the same for nitrogen and oxygen. The spectral of SRBS or CRBS of noble gas mixture and He-CO 2 mixtures have been studied by Gu et al. [33] and Vieitez et al. [12] . However, in most cases, such as gaseous flow field, the gas mixtures are composed of different diatomic or polyatomic pure components. The bulk viscosity of gas mixtures is an important parameter for the prediction of flow-field parameters near space crafts, in nozzles, in high enthalpy facilities and in other problems of aerothermochemistry and gas dynamics. Although the bulk viscosity for pure gases is fairly available, it is complicated to obtain the data of mixtures due to the lack of related parameters in the theoretical model. It is desirable, therefore, to have a means of calculating necessary data from the properties of the pure components. Air is a mixture of 78% nitrogen and 21% oxygen. Similar to the reference [34] , which provides a general empirical formula to calculate the viscosity of gaseous multicomponent systems from its components, the empirical formula calculating the bulk viscosity of air by the bulk viscosity of pure nitrogen and oxygen is given as
where η bi means the bulk viscosity of the pure component i at the temperature of the mixture, x i the mole fractions of the component i in the mixture, ρ i the densities of the pure component i at the temperature and total pressure of the mixture. C = 59/D 12 , where D 12 is the diffusion coefficient at the temperature and total pressure of the mixture and 59 is a dimensionless constant. With improvement in the quantity and accuracy of the diffusivity data, it is possible that this constant may be somewhat changed.
The calculated values from Equation (9) at different temperatures are also shown in Fig.9 (empirical formula). It can be seen that the predicted values from the empirical formula Equation (9) can match the measured bulk viscosity of air well and the ratio of Equation (8) to Equation (9) is between 0.902 and 1.08 at the studied temperature range in this paper.
V. CONCLUTION
In this paper, the effect of pressure error, temperature fluctuations, scattering angle uncertainty and the characteristic parameter uncertainty (FSR and FWHM) of the Fabry-Perot interferometer on the accurate measurement of the bulk viscosity are analyzed by a theoretical simulation. It is found that those uncertainties have an obvious impact on the measured bulk viscosity value and the bulk viscosity can be measured accurately by SRBS under higher pressures (≥3.0 bar). The SRBS spectra of nitrogen, oxygen and air under pressure of 4.0-7.0 bar at temperature from 289.0 K to 400.0 K are measured in our experiment. Before the bulk viscosity is determined, the FSR uncertainty and FWHM uncertainty are obtained and the scattering angles under different experiment conditions are optimized by the principle of minimum value of χ 2 . The bulk viscosities of nitrogen, oxygen and air under each experiment condition are measured respectively by a comparison between the theoretical spectra and the measured spectra. The measured bulk viscosities of nitrogen, oxygen and air under pressure of 4.0-7.0 bar at one temperature are averaged due to the slight effect of pressure changing on the bulk viscosity. The linear relation between the measured bulk viscosity of nitrogen, oxygen and air and temperature is established severally by linear fit with R 2 being above 0.99.
The measured bulk viscosities of nitrogen, oxygen and air are compared with the reported values obtained by SRBS, CRBS, ultrasonic determination or theoretical calculation. It is confusing to find there are some deviations for the bulk viscosity obtained by different methods, and the maximum deviation between our measured values and the reported values is more than 3σ . However, by analysis, the factors inducing the deviations of measured bulk viscosity are attributed to pressure error, temperature fluctuations, scattering angle uncertainty, characteristic parameter uncertainty of the Fabry-Perot interferometer and the obvious statistical error of the principle of minimum value of χ 2 under lower pressure. The imperfect model describing CRBS is regarded as the main factor that induces the deviations of the measured bulk viscosity between SRBS and CRBS.
The empirical formula predicting the bulk viscosity of air from the pure components is proposed and can match the measured bulk viscosity of air well with the ratio of the measured bulk viscosity to the calculated values by empirical formula being around 1.0 at different temperatures. This provides an important reference to calculate the bulk viscosity of gas mixtures by the pure components. The further work is to obtain the bulk viscosity of different gases from experiment at wider temperature ranges and to testify the empirical formula using more bulk viscosity data.
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